This research highlights development and application of an integrated hydrologic model (GSFLOW) to a semiarid, snow-dominated watershed in the Great Basin to evaluate Pinyon-Juniper (PJ) and temperature controls on mountain meadow shallow groundwater.
distribution and diversity, biogeochemistry, severe fire potential, and dominance of annual weeds such as cheatgrass (Bromus tectorum L.; Brooks et al., 2004) . A decrease in available subsurface water that would otherwise support stream baseflow, springs, and groundwaterdependent ecosystems (GDE; Huxman et al., 2005; Wilcox, Owens, Dugas, Ueckert, & Hart, 2006 ) also may result. PJ expansion has the potential to change how precipitation (P) is captured and received; the length of time water is needed to maintain plant transpiration; and the magnitude and timing of snowmelt, soil evaporation as well as snow evaporation and sublimation. Woody plant expansion is observed globally (Huxman et al., 2005) contributing to desertification processes by exposing more barren and hydrophobic soil (Madsen et al., 2012) and substantially increasing soil erosion (Grover & Musick, 1990) . This expansion should be considered a significant consequence of global change.
PJ removal, or treatment, is a land management option to reduce the negative effects of PJ expansion and restore a functioning and resilient ecosystem containing a more balanced plant community structure resistant to colonization by exotic weed species and reexpansion of PJ (Tausch, Miller, Roundy, & Chambers, 2009 ). Understanding the sensitivity of water budget shifts in these systems in response to PJ removal is part of maintaining a viable ecosystem.
Forested catchments have higher rates of evapotranspiration (ET) than grassy catchments (Zhang, Dawes, & Walker, 2001) , and vegetation shifts from woody to non-woody plants should increase water yield (P-ET) through reduction in ET. The interaction between woody plants and surface-subsurface hydrology is complex, however, leading to significant uncertainty about hydrologic response to changing vegetation.
To address this uncertainty, Huxman et al. (2005) outlined a vegetation-streamflow conceptual framework to identify semiarid hydrologic system sensitivity to woody plant expansion based on the notion of woody plants having access to water at depths greater than non-woody plants. Physiographic controls are broadly outlined as riparian versus upland regions. Woody plants in riparian zones have access to shallow groundwater and exert greater control on the hydrologic budget compared to upland areas that have limited access to groundwater. In contrast, plants in upland areas must rely on stored vadose zone soil water to supply water for transpiration needs. Niche partitioning in these upland, water-limited environments has traditionally relied on a two-layer conceptual model in which plant morphology dictates use of stored water with herbaceous plants relying on shallow soil water and woody plants relying on deeper soil water (Walter, 1971) . More recently, ideas on plant water resource partitioning have shifted to emphasize the function of shallow and deep pools of water (Ryel, Ivans, Peek, & Leffler, 2008; Ryel, Leffler, Ivans, Peek, & Caldwell, 2010) . Shallow soil water is proposed as a highly competitive "growth pool." During periods favorable for plant growth that require high-resource acquisition, all plant species will compete for water and nutrients from this shallow soil zone.
When this shallow pool of water diminishes and water becomes limited, plants either senesce (annual and perennial grass and forb species) or maintain physiological function by relying on deeper stored water during the summer dry periods and drought. In support of this concept, Mollnau, Newton, and Stringham (2014) found that PJ successfully competes with grasses and forbs for shallow soil water (<30 cm) but is likely the dominant and perhaps only influence responsible for depleted water reserves at greater depths (>200 cm).
Thin soils are typical in the upland reaches of Great Basin watersheds, and there is limited potential for soil water storage. However, growing evidence suggests that weathered and fractured bedrock in upland regions may be hydrologically active and can play an important role in sustaining transpiration in seasonally water-limited environments (Schwinning, 2010; Salve, Rempe, & Dietrich, 2012; Huntington & Niswonger, 2012) .
Conceptually, removal of PJ from upland reaches in a watershed may have the potential to reallocate water toward lateral (interflow) and vertical (recharge) subsurface flow. Uncertainty in hydrologic response to changes in vegetation is compounded by the scale dependence of ET components in both space and time with changes in yield generally declining as analysis increases in scope from the tree to stand to watershed scale . While extensive work has focused on hydrologic repartitioning as a consequence of watershed-scale forest disturbance related to pests Bearup, Maxwell, Clow, & McCray, 2014; Mikkelson et al., 2013; Pugh & Gordon, 2013) , fire (Seibert, McDonnell, & Woodsmith, 2010) , and woodland management (Robles et al., 2014) , no study (to the authors' knowledge) has focused on the influence of PJ on watershed-scale water budgets and GDEs in the arid and semiarid landscape of the Great Basin.
GDEs, such as mountain meadows, are zones of groundwater discharge primarily through phreatophyte ET and are important in that they support much of the ecological biodiversity in the Great Basin. In addition to a lack of understanding of how Great Basin GDEs respond hydrologically to upland PJ, little is known about how these systems will respond to climate shifts in the region. Climate in the Great Basin already has experienced warming trends during the last century of 0.3°C to nearly 1.0°C, and a decline in winter snowpack has been observed (Wagner, 2003; Mote, Hamlet, Clark, & Lettenmaier, 2005; NOAA 2016 ).
Warming trends are expected to continue into the future. A multi-model aggregation of global climate models using output from the Coupled Model Intercomparison Project, Phase 5 estimates mean annual temperature increases in central and eastern Nevada for the mid-21st century (2041-2070) of 2.5°C to 3.5°C over historical conditions for reactive carbon pathway (RCP) 4.5 and 8.5, respectively. Historical conditions from 1895 to 2015 (NOAA, 2016) indicate P increases from 1969 to 1986 after which drying has subsequently negated any definitive trend in P since the mid-20th century. Global climate models likewise suggest neither significant nor robust change in P by the mid21st century (Abatzoglou et al., 2014) . Increased levels in CO 2 and modest increases in temperature will favor C3 photosynthetic pathways through increased production and water use efficiency to benefit both native grasses and invasion of cheatgrass (Ziska, Reeves, & Blank, 2005) , and it is anticipated that perennial forbs and woody species also could be at an advantage (Chambers, 2008) . Rising temperatures will alter P type (rain vs. snow) and influence potential ET (PET), but it is unknown to what degree these changes will affect GDE shallow groundwater reserves and their ability to sustain viable ecologic biodiversity.
| OBJECTIVE
The objective of this study was to (a) better understand the magnitude and timing of water budget shifts based on PJ distribution and mid-21st century climate projections for a snow-dominated, semiarid watershed located in central Nevada, and (b) explore how shallow groundwater in a mountain meadow will respond to these changes through use of field observations, satellite remote sensing of meadow vegetation vigor, as well as integrated surface and groundwater modeling of the watershed. The study area is representative of rangelands of the Intermountain West in the U.S. where PJ is estimated to have expanded (and infilled) into 18 million hectares, of which 66% is estimated to have been treeless prior to the 1860s (Miller, Tausch, McArthur, Johnson, & Sanderson, 2008) . Water budget shifts associated with PJ expansion and rising temperature are likely to change the hydrologic partitioning of shallow soil moisture, interflow, and groundwater recharge, altering ET consumption of down-gradient phreatophyte vegetation. The approach presented here allows for robust analysis and consideration of complex surface and groundwater interactions, feedbacks, and timing of important water states and fluxes.
| SITE DESCRIPTION
The 11 km 2 Porter Canyon Experimental Watershed (PCEW) is located in the Desatoya Mountain Range in central Nevada (Figure 1 ). Elevation in the watershed ranges from 2032 to 2637 m with mean annual P directly correlated to elevation. Estimated mean annual P is 360 ± 98 mm/y with the majority of P falling as snow during winter months. Average monthly minimum and maximum temperature for the period of record Leavesley, Markstrom, Viger, & Hay, 2005) with the USGS modular groundwater flow model (Harbaugh, 2005; Niswonger, Panday, & Ibaraki, 2011) to account for flow within and between the plant canopy and soil zone, streams, and shallow groundwater system. GSFLOW has been used for a variety of studies in the Great Basin related to changing climate and potential impacts to GDEs and groundwater resources (Huntington & Niswonger, 2012; Huntington et al., 2013; Rajagopal et al., 2015; Tang, Carroll, Lutz, & Sun, 2016) . The model grid resolution is 30 m, with four layers representing shallow alluvium and mountain block rhyolite units.
Maximum depth of alluvium is assumed to be 15 m along valley axis, tapering to 1 m at margins and is modeled with two layers of equal thickness. Rhyolite is also modeled as two layers. The upper rhyolite layer is assumed to be 15 m thick, weathered and fractured, and more permeable than the lower rhyolite layer. The lower layer is assumed to be 60 m thick and represents intact rhyolite that has low permeability. Groundwater discharge likely occurs through the alluvium and fractured rhyolite onto the alluvial fan at the exit of the canyon. This is simulated as a general head boundary (GHB; Harbaugh, 2005) condition in which the saturated thickness within the alluvium is held at approximately 5 m. Porter Creek was simulated using the streamflow-routing (SFR) package ) and
Manning's wide-channel assumption with width scaled from 0.3 to 3 m based on digital elevation map calculated accumulated flow.
Vegetation was delineated using the USGS LANDFIRE raster data set designating vegetation type and density at 30 m grid resolution.
Vegetation information was used to derive PRMS parameters of dominant cover type, summer and winter cover density, canopy interception characteristics for snow and rain, and transmission coefficients for shortwave radiation. Table 1 
| Remote sensing of meadow vegetation
The normalized difference vegetation index (NDVI) corresponds to the relative density and vigor of vegetation through absorption and reflectance of red and near-infrared wavelengths of the electromagnetic spectrum (Tucker, 1979) . Optical vegetation indices such as NDVI are commonly used in the Great Basin to estimate ET (Nichols, 2000; Devitt et al., 2011; Beamer, Huntington, Morton, & Pohll, 2013) , plant cover (Nichols, 2000) , phreatophyte areas (Smith, Laczniak, Moreo, & Welborn, 2007) , leaf xylem water potential (Baghzouz, Devitt, Fenstermaker, & Young, 2010) , shallow groundwater levels (Carroll, Pohll, Morton, & Huntington, 2015) , and GDE conditions (Huntington et al., 2016) . Following the processing workflow of Huntington et al. (Mitchell et al., 2004) hourly temperature and humidity were used within the EE framework for Landsat atmospheric correction and at-surface reflectance computations following Tasumi, Allen, and Trezza (2008) . We then compared annual NDVI time series to GSFLOW simulated average soil moisture and DTW within the meadow areas as independent evaluation of integrated modeling results during the simulated historical period.
| Sensitivity to changes in PJ and temperature
Using the calibrated hydrologic model, we ran four scenarios to test sensitivity of water budget components and mountain meadow groundwater level response to changes in PJ and mid-21st century temperature for central Nevada. All scenarios include the 10-year spin-up developed during calibration. and represented a realistic management option while also allowing a test of hydrologic response to conditions prior to PJ expansion into the downslope region of sagebrush-grassland complexes.
4. Mid-Century temperature change was applied to the baseline condition as a uniform 3.0°C increase to minimum and maximum daily temperature throughout the simulation. This represented a mean estimated annual temperature increase based on RCP4.5 and RCP8.5. No change in P was simulated due to lack of consensus or robustness in estimated change by mid-21st century. Change in P type (rain or snow) was allowed to vary based on air temperature. The approach was simplistic, but provided insight into hydrologic thresholds based on predicted changes in climate for central Nevada at the intermediate timescale.
6 | RESULTS
| Model calibration
Calibration of GSFLOW was done in a three-step process. First, multi- variability capturing the range in daily observations. Second, groundwater conditions were modeled as unconfined with MODFLOW parameters of specific storage assumed 1e-6, while hydraulic conductivity of all layers was assumed to be isotropic. Hydraulic conductivity of the alluvium (layers 1 and 2) and deeper rhyolite (layer 4) were defined as 1 and 0.001 m/d with specific yield assigned as 0.10 and 0.005, respectively, based on representative units in the Great Basin (Belcher, Elliot, & Geldon, 2001; Welch, Bright, & Knochenmus, 2007) . Predicted water levels were found to be insensitive to the conductance of the GHB defining groundwater flux out of the basin onto the alluvial fan. Therefore, conductance was increased such that the GHB represented a constant head condition. Observed water levels were best matched by adjusting hydraulic conductivity and specific yield of the shallow, fractured rhyolite (layer 3). These were adjusted to 0.1 m/d and 0.01, respectively, to minimize error in prediction. Calibrated hydraulic conductivity values fell between the values defining transmissive alluvial units and the less permeable, intact rhyolite unit;
were consistent with the conceptual model and at the upper range for volcanic flow units in the region (Belcher et al., 2001) . PJ were assumed to access deeper saturated water and able to use water from the unsaturated zone at low water content. A regression of monthly simulated versus observed water level elevations is provided ( Figure 5 ) with a root-mean squared error equal to 1.8 m, or 2.8% across the range of observed water levels. An NDVI >0.3 corresponds to above average soil moisture (z score > 0).
Simulated groundwater levels in the meadow showed a decline most years when soil moisture was at or below average conditions, indicating a water-limited system in which yield became negative as water was extracted from storage by deeper-rooted vegetation. Groundwater levels in the meadow only rebounded during wet years when enough P occurred to promote sufficient recharge and increased groundwater storage. While wet years only occurred intermittently, they were important in resetting DTW in the meadow and establishing a mean DTW of 2.5 m.
| Sensitivity to changes in PJ and temperature
Changes in mean annual water budget components from baseline given pre-expansion PJ conditions and mid-century temperature change are illustrated in Figure 9 . The small-scale PJ scenario is not included since changes to water budget components were small and undistinguishable at the temporal and spatial scale of the figure. Given that changes in yield are defined as ΔP-ΔET and ΔP = 0, then all changes in yield are the result of simulated changes in ET. Changes in water partitioning were largest in years when P > 400 mm/y. Years in which P ≤ 400 mm/y experienced only small changes in ET, and produced no change in stream discharge.
Reverting the watershed to pre-expansion conditions resulted in decreased ET and increased recharge, groundwater storage, and stream discharge. Overall, when P > 400 mm/y, changes in yield through changes in ET due to vegetation shifts were 20 ± 11 mm/y or 4 ± 2%, compared to baseline. For mid-century warming, results
showed that more P fell as rain with an 80 mm/y reduction in SWE, an increase in ET, decrease in stream discharge and recharge, and a decrease in groundwater storage. Decreases in yield during wet years compared to baseline average were 15 ± 18 mm/y or 3 ± 3%. Large variability in response was based on air temperature of the baseline scenario. To illustrate, a comparison of water years 1998 and 2011 Removing PJ and replacing with a mix of grass, shrubs, and bare ground decreased canopy closure and increased solar radiation transmission allowing greater melt in the spring when soil moisture was high, and ET was not limited. The timing of this additional water promoted significantly more recharge. In contrast to changing vegetation, increasing temperature promoted large seasonal shifts in all water budget components ( Figure 10 ). As in pre-expansion conditions, soil ET was the dominant mechanism of total ET. Soil ET increased in the winter and early spring as a result of increased PET and increased soil moisture responding to more P falling as rain and faster snowmelt. Excess water in the winter was routed to recharge when the system was not water limited, producing a peak in recharge that was 2 months earlier than baseline at 60% of the maximum baseline rate. Soil ET rates dropped in May in response to less available snowmelt from a reduced snowpack FIGURE 10 A comparison of several water budget components. Plots are watershed aggregated means for wet years (P > 400 mm/y) for (a) soil evaporation and transpiration, (b) sublimation and canopy evaporation, (c) groundwater evapotranspiration, (d) total ET, (e) the ratio of total ET to potential evapotranspiration, (f) soil moisture, (g) snow water equivalent (SWE), and (h) recharge. Plots are 7-day averages.
and rapid soil drying. Water limitations in soils forced ET < PET as early as April, and soil ET was lowered compared to baseline conditions.
Groundwater ET compensated with slight increases above baseline in the spring but fell below baseline groundwater ET later in the summer in response to a falling water table. Subsequently, water limitations effectively reduced ET losses and modulated system response to temperature increases at the annual timescale. Figure 11 illustrates the spatial distribution of baseline ET and mean annual change from baseline for the 8 years in which P > 400 mm/y. Baseline ET was highest in the alluvium where groundwater was closer to land surface, along hillslope toes where deep-rooted PJ had access to saturated groundwater and along aspects facing south and west where solar radiation and temperature adjustments increased PET. P was directly related to elevation and limited ET in the lower elevations of the watershed. Shifting basin vegetation away from PJ and toward a grass-shrub mix produced large spatial redistributions of ET. Specifically, hillslopes saw significantly decreased ET in both small-scale ( Figure 11b ) and pre-expansion PJ (Figure 11c) scenarios and increased ET in alluvial drainages in response to increased shallow water tables and increased groundwater ET. In contrast, climate warming ( Figure 11d ) displayed a more muted spatial response but promoted increased ET along most hillslopes, while some alluvial valleys experienced a decrease in ET as water table elevations declined and phreatophyte access to groundwater diminished.
Northern aspects tended to have lower PJ canopy densities and contained more shrubs and therefore higher solar radiation transmission coefficients. Increasing temperature promoted faster soil drying and earlier onset of water limitation with the hydrologic simulation estimating reductions in ET along these hillslopes compared to baseline. In all scenarios, the greatest changes in ET occurred primarily along the edge of the hillslope adjacent to the alluvium. This region is a transition zone where saturated water levels were accessible to PJ and changes in ET were the combined effects of both ET from the soil zone and groundwater. With movement up the hillslope, the water table diverged from land surface and PJ were limited to water uptake in the unsaturated soil and weathered bedrock.
Lastly, Figure 12 shows predicted mountain meadow DTW for all scenarios tested. Results indicate that even small-scale changes in PJ produced significant changes in DTW beneath the meadow despite imperceptible changes in ET at the annual watershed scale. DTW is 1.0 m shallower compared to baseline. A return to pre-expansion PJ resulted in a 2 m decrease from baseline, or an average DTW = 0.5 m.
Water levels were near land surface except during prolonged droughts in which DTW hovered at 1 m. In both cases, changes in PJ produced DTW with a greater resistance to water level declines during extended dry periods and reduced simulated intra-annual variability in response.
Projected changes to mid-century temperature conditions resulted in a mean DTW of 3.2 m or 70 cm greater depth than baseline. The largest changes in DTW occurred during the wettest years when changes in ET were largest. As a consequence, the meadow DTW was unable to fully recover from drought conditions and the water table elevations in the meadow declined through time.
| DISCUSSION
Mountain meadows represent a subset of GDEs in the Great Basin that rely on shallow subsurface expressions of water to provide critical habitat for many sensitive species, such as the greater sage-grouse (Centrocercus urophasianus). Recent work has related functional type and vigor of vegetation in GDEs, as expressed with NDVI, correlated to DTW as a consequence of groundwater pumping (Huntington et al., 2016) . Very little is understood about how mountain meadows will respond hydrologically to changes in upland vegetation or climate, and there is a need to develop effective adaptive management frameworks for these meadows and the ecosystems they support. The tight capture the full suite of energy and water budget components important to these systems. GSFLOW allows these processes to be simulated and indicates that the PCEW operates on a threshold response to P. Years with P ≤ 400 mm/y were water limited with ET consuming all P and drawing on stored soil moisture and groundwater. Consequently, water levels declined in the meadow. Years with P > 400 mm/y provided enough P to recharge groundwater and streams, although large variability in recharge could occur with warmer years resulting in more rain and less recharge. A similar P threshold has been reported by Hibbert (1983) . Imperceptible gains with the small-scale treatment were in agreement with harvest literature suggesting a 20% reduction in forest cover is necessary to statistically detect a change in yield (Stednick, 1996; Brown, Zhang, McMahon, Western, & Vertessy, 2005) . The muted response of ET to even large-scale alteration of upland vegetation suggested the system is not sensitive to PJ at the multi-decadal level and that even isolating wet years; changes in yield were limited to 20 mm/y (4%), which is significantly less than interannual variability in P. In terms of water budget partitioning, tree-scale measurements
showed that a single juniper tree can consume nearly all available water, resulting in no deep percolation or runoff . Wyoming) from 1905 to1917 is noted in several studies (Fey, Stahle, & Cook, 2003; Webb, McCabe, Hereford, & Wilkowske, 2004; Woodhouse et al., 2005 ) with short duration but extreme P events occurring in high frequency. These studies used paleoclimate reconstruction of tree-ring data in combination with National Weather
Service climate station networks to construct Palmer Drought Severity
Index of P anomalies. Wetter conditions during this nine year period were attributed to predominantly greater winter P and anomalously cool temperatures that slowed snowmelt and reduced evaporation (Woodhouse et al, 2005) . 
| CONCLUSIONS
The combination of GSFLOW simulations, ground-based observations, NDVI, and gridded climate products used in this study has proven useful for clarifying the causality of changing meadow conditions in PCEW; a semiarid, snow-dominated watershed in the Great Basin.
Our research evaluated potential temperature and PJ controls on shallow groundwater response in a mountain meadow. Hydrologic conceptualization was based on the vegetation-streamflow framework in which woody-plants can access water at depths greater than nonwoody plants. Additionally, we assumed that weathered and fractured bedrock has the ability to store water for PJ transpiration needs during water-limited periods in upland portions of the basin where soils are thin. Use of EE Landsat satellite and gridded climate archives afforded an independent measure of soil moisture that agreed well with model results and correlated significantly to simulated DTW in the meadow.
Use of Landsat derived NDVI offerred a means to monitor GDEs and the potential to scale results across the landscape for drought monitoring efforts. Model simulations across three decades indicated that the system was generally water limited with ET exceeding P to force depletion of storage such that meadow water levels declined in response to reduced recharge and vegetation using shallow groundwater reserves for consumptive needs. There was a threshold response in hydrology, however, to P > 400 mm/y. Only during these intermittent wet years did P exceed ET by 9% to promote streamflow and allow meadow groundwater levels to rebound to maintain a mean DTW of 2.5 m.
Integrated model results suggested water yield sensitivity to PJ or temperature increase was reserved for only these wet, intermittent years when there was enough water to impart change, with changes in yield kept small at approximately ±4% above baseline conditions.
Reinstating the basin to assumed pre-expansion PJ growth did not 
